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I SUIJaRY 






The fundamental purpose of autonatic high-speed excitation 
of a synchronous machine is to increase its stability. This can 
be accomplished by supplying a comp one nt of field current that is 
proportional to power angle. Another component of field current 
proportional to rate of change of power angle is required to act 
as a damping force on any oscillations that may be set up in the 
machine* In this thesis the effoct3 of these two components on 
a particular salient-pole generator were studied, using various 
proportionality factors between field current and power angle. 

The results sh ow curves of power vs. power angle and field 
ourrent vs. power angle for three different proportionality 
factors between the compensating component of the field current 
and the power angle. Each of these is shown with four different 
components of steady-state field current. It was found that the 
range of stability increased b^ at out five degrees when compensa- 
tion proporti onnl to pcxver angle was used and by about ten degrees 
when compensation proportional to both power angle and rate of 
change of power angle was used. 

The experimental results verified the faot that compensation 
proportional to rate of change of power angla was required. When 
compensation proportional to power angle alone was used, the system 
was highly oscillatory, but the addition of the compensation pro- 
portional to rate of change of power angle damped out the oscillations. 



From iho results it can be concluded that it is entirely 
feasible to operate a machine using this type of excitation at 
power angles greater titan that at which imximum power occurs for 
any given fixed field current. However, the system would have 
to be designed with very fast response and with components large 
enough to eliminate saturation effects. 

Further gtudies along this line are recommended with par- 
ticular emphasis on operation at very large power angles, i.e. 
ninety degrees or more. An investigation into the effects of 
this system when the generator is driving a synchronous motor 
would also be desirable, since this thesis has been limited to 
operation against a substantially infinite bus. 
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II Ii'TKODUCTIOl* 

In the decade followi nr World War I the rapid growth of 
electric power systems introduced the problem of pofc'cr systom 
stability. TransiLlssion of power over long distances caused 
the power art le between the rotors of synchronous machines to 
increase to a point where sudden additions of load might knock 
the generators out of synchronism before additional gonerators 
could be put orv tho line. This profclon was partially solved 
by the use of improved relays and circuit breakers. 

In the past decade attempts to use even longer transmission 
linos and to utilise existing generation facilities more effec- 
tively have again brought system stability problems to the fore. 
The followin'-- three methods of improving steady-state stability 
(i.o., ability to carry small increases in load) have been 
studied: (1) use of static or synchronous condensers at inter- 
mediate points to reduce the pov/ar angle, (2) use of asynchronous 
generators, in which tho alternator fic-ld is supplied v/it h lcw- 
froquency alternating current, and (3) uso of standard alterna- 
tors with a d-c field upon which is superimposed a current which 
is varied autocratically by c/ianges of pcrcvor angle. 

Lrown-Boveri Company of Switzerland ha3 conducted stability 
investigations following method (3) above. Their papers on the 
subject ( 1 and ^z']) 3hcw the worth of the automatic excitation 
method in goneral. This thosis deals with the application of 



this Lie t hod of excitation to a particular salient-pole alternator 
operating agfcinst an infinite bus* showing the effects of con- 
trolling excitation first by change of power angle alone and then 
by a combi nation of change and rate of change of power angle* In 
this case power angle is taken as the phase angle between terminal 
voltage and the voltage behind synchronous reactance* 

The component of the exciting current depending upon the 
change of power angle is obtained from the vector difference of 
the line voltage and the stator voltage of a pilot generator* 

The component depending upon the rate of change of power angle is 
obtained from the rotor voltage of a small wound rotor induction 
motor mounted on the same s)iaft as the alternator and pilot genera 
tor. These two components are fed into the two control fields of 
an amplidyno, whose output is in turn fed into one field of a two- 
field exciter. Tho other field of the exciter provides the steady 
state component of the generator field. A schematic diagram of 
the apparatus is shewrn in Figure 1. 
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A total of four tests was made to study the effects of 
various typos of automatic excitation on the relation between 
power output and power angle. 

Tost 1 was mace with no automatic excitation* supplying 

the main gonerator field simply by exciting one field of the 

» 

exciter with a constant direct voltage, Nine such runs vero 
made, varying the alternator field current from the minimum 
possible value of 3.6 amperes to 7.5 amperes. In each run the 
load was increased by decreasing the field of the driving notor 
until either the alternator fell out of synchronism or the 
current rating of the alternator was reached. 

In test 2 automatic oxoitation proportional to power 
angle v/as introduced by exciting the field of the pilot 
generator and adjusting the throe-phase variac to place voltages 
of equal magnitude across the rectifier, thus oxcitinr one field 
of the amplidyne. The same proportionality factor between power 
angle and the variable component of alternator field current was 
used in the first threo runs by fixing the stator voltage of 
the pilot fonorator. Three widely varying values of steady 
state exciter field current wore used in these runs to demon- 
strate the effects of different ratios fixod and variable 
components of alternator field current. Two other sets of Jirce 
runs each were made, using a different value of pilot c-onerator 
stator voltage for each sot of runs. Thus ti.o nine runs of tost 2 



covered all possible combinations of the three values used for 
steady state exoiter field current and the three values used 
for pilot generator stator voltage ■which in turn determines the 
variable exciter field current. 

Additional automatic excitation proportional to rate of 
change of power angle was employed in tost 3, This was accom- 
plished by placing the stator of the induction machine (slip 
generator) across the lino, amplifying the resultant rotor 
voltage, and applying the amplified voltage across the second 
control field of the araplidyne, The nine runs of test 2 were 
then repeated, again using all possible combinations of the three 
steady state exciter field currents and three pilot generator 
voltages used previously. 

In tests 2 and 3 the fraction of tho line voltage applied 
to one side of the rectifier was sot approximately equal to the 
pilot generator stator voltage by adjusting the three-phase 
variac at the beginning of each run. Because the use of auto- 
transformers in the line between the alternator and the laboratory 
three-phase supply resulted in rises in line voltage up to 10 
per cent at rated alternator current, the magnitude of the voltage 
across the rectifier varied wit): load. Therefore, tost 4 was 
made with both methods of automatic excitation in uso, but with 
the further refinement that the magnitude of the voltage at the 
output of tho variac was set continuously equal to the pilot 



generator stator voltage. In this manner operation against 
an infinite bus was approximated as closely as possible v/ith 
the equipment available. Care was also taken in this test 
to determine the exact maximum pc^er angle at which the alter- 
nator would remain synchronized • The nine combinations of 
steady state exciter field current and pilot generator stator 
voltage used in te3ts 2 and 3 were again employed, but an ad- 
ditional six runs were made using two net/ steady-state values of 
exciter field current between the low anj: 1 medium values previously 
used. Finally for each of these fifteen runs the automatic 
excitation proportional to d^/dt was eliminated and the maximum 
p ewer angle determined at which the alternator remained synchro- 
nised using excitation only. 

In all tests, power was measured by a polyphase wattmeter 
after reducing the line currents by a factor of 40 through the 
use of current transf ormors . Power angle was dete mined by using 
a phase-angle meter to measure the phase angle letween the pilot 
generator stator voltage and the current obtained by plaoing a 
rosistor across one phase of the line. 



IV RESULTS 
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Tests were made on a salient-pole alternator operating 
against an infinite bue (fixed potential line). With fixed 
alternator field current the n&xi power angle which could 
be reached without loss of synchronism was about 80 degrees, 
the exact angle varying slightly with the magnitude of the 
field current. Addition of a second component of alternator 
field current proportional to por/er anprl© increased the maxi- 
mum power angle obtainable to about 85 degrees, an increase of 
5 degrees. Further addition of a third component of alternator 
field current proportional to rate of change of power angle 
increased the maximum power angle attainable to about 90 degrees, 
an overall increase of 10 degrees over the fixed excitation 
value. 

All the power angles noted in the preceding paragraph are 
steady-state stability limits ; i.o., the angles at which a very 
small increment of additional load will cause loss of synchronism. 
The numerical quantities given do not show completely the advan- 
tages of the automatically excited system. Another important 
factor is tho amount of oscillation of the power angle about an 
average value, an oscillation which is present even when the load 
is constant. This fact was noted by observation of the phase angle 
meter used to measure power angle and also by stroboscopic observa- 
tions of the alternator armature at constant load. Addition of 



compensation proportional to power angle alone increases slightly the 



magnitude of oscillation of the power angle about a fixed 
value, while use of both components proportional to power 
angle ano rate of change of power angle causes a sharp re- 
duction in the magnitude of oscillation at power angles near 
the maximum. Thus it f s apparent that the use of both conpo- 
nonts of compensation will ponr.it stable operation of the 
alternator at power angle at least 10 uegrees greater than 
would be possible with fixed excitation, (it should bo noted 
that in neither case could the alternator Ui operated at a power 
angle near the maximum attainable without the use of standby 
generators and elaborate control equipment). 

The curves of pemer and alternator field current as func- 
tions of power angle presented on the following pages show 
graphically the effects of changing" (1) the proportionality 
factor '‘otween trie first variable component of alternator field 
current and power angle, by changing the voltage on the pilot 
generator stator; and (2) the steadi-state component of alter- 
nator field current, b} changing the steady-state field current 
in the exciter. For comparison a set of curves of power as a 
function of power angle for various fixod alternator field cur- 



rents is shown in Fir ure 2 
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LIST OF CURVES 

Title 

Power vs. power Angle; Ko Automatic excitation 

Power vs. Paver Angle: 10 volts on pilot 
generator stator. 

Alternator Field Current vs. Favor Angle: 10 volts 
on pilot generator stator. 

Power vs. Power Angle: 20 volte on pilot generator 
stator. 

Alternator Field Current vc. Power Angle: 20 volts 
on pilot generator stator. 

Power ve. Power Angle: 30 volts on pilot generator 
stator. 

Alternator Field Current vs. Power Angle: 30 volts on 
pilot generator stator. 

Power vs. Power Angle: 1.0 amperes steady state field 
current in exciter. 

Alternator Field Current vs. power Angle: 1.0 amperes 
steady state field current in exoiter. 

Power vs. Power Angle: 1.5 amperes steady state 
field current in exoiter. 

Alternator Field Current vs. Power Angle: 1.5 amperes 
stoady state field our rent In exciter. 

power vs. Paver Angle: 2.0 amperes steady steto field 
current in exoiter. 

Alternator Field Current vs. Power Angle: 2.0 amperes 
steady state fiold current in exciter. 

Power vs. Pov/or Angle: 3.0 amperes steady state field 
current in exciter. 

Alternator Field Current vs. Power Angle: 3.0 amperes 
steady state field our rent in exciter. 
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V DISCUSSION OF RESULTS 

The curves of power vs* power angle show the effect on the 
range of stability of S compensation (compensation proportional to 
power angle) and of both £ and d i> oo&pensation ( compensation pro- 
portional to rate of change of power angle). W henever £ campons a- 

$ 

tion.is used, the curve of power vs. paver angle rises with a 
steeper slope than on a similar curve with fixed excitation, 
because the component of field current proportional to & increases 
with po^or angle. Thus the power curve of the alternator with 6 
compensation crosses a series of pewer curves with fixed excitation. 




Figure 17. 

The basic equation for the power generated by a salient 
pole alternator is 



V. x , "“X ) 

p * .JL sin 6 + — * S — sin 2 & 

d d q 



s a v t 



where P is power output at the terminals, is excitation voltage 
due to the impressed field in the direct axis, 7 is terminal volt^o. 



is direct-axis synchronous reactance, x is quadrature-axis 



synchronous reuctanco, and is power angle. Expressed in a 
different f orrr , 



t x. 



sin S' + 



7 t U d “ V 

2x d Z q 



sin 2 ^ 



1 

J • 



Since for the usual salient pole machine the value of is only 

about ecvon-tenths that of x , , the amplitude of the second har- 

g * 

nonic is roughly one-quarter of the amplitude of the fundamental. 
Thus for operation against an infinite '-us, making a constant, 

o 

the value of F at any desired pov/er an.~ 1 e is determined primarily 

by the magnitude of E^. F.'ith saturation effects absent in the al- 

< 

teraator field, the excitation voltage E^ is almost directly pro- 
portional to field current or, algebraically, a K^I • 

Alien automatic excitation is used, the alternator field 



current may be represented by the equation 

I r “ I fo + hi + I f2 

1^, is total evlt^rriator field current, 

1^ is steady-state or fixed component of field curront, 

1^ ic component of field current proportional to paver angle, 

1^2 is component of field current proportional to rate of change 
of paver angle. 

For any one run, I is fixed by setting the exciter field 
i o 

current, exciter speed, and the alternator field rheostat position. 



1^2 is zero except during changes in p ewer angle due to changes 
in load and subsequent oscillations* Therefore, its effect is 
not evident in the curves of power vs* power angle, except the 
indirect effect of increasing the range of stability* With a 
properly aligned pilot generator rotor, the component 1^ could 
be made roughly proportional to power angle as has been heretofore 
assumed, but because the rotor was mechanically displaced about 
twenty-nine electrical degrees from the alternator rotor, I ^ is 
roughly proportional to the magnitude jj-2S°|* This misalignment 
results in a total alternator field current which reaches a mini- 
mum at a power angle of 29°, sloping, upward in both directions 
from that point* The rate at which I r increeses with power angle 
depends upon the magnitude of the proportionality factor in 
the following equation; 

hi m K i| s_ 29 ‘ 



A study of the curves of alternator field current in the 
Results section shows that is not a constant for any one run, due 
primarily to the saturation which occurs in the amplidyne as high 
voltages arc placed across one of its control fields. Such a study 
also reveals, hewovor, that in the range of power angle from about 
30° to 60° the slope of the curve and hence the value of is de- 
termined by the magnitude of the pilot generator stator voltage. 
Increasin'; tho stator voltage of the pilot generator causes a 



more rapid increase of alternator field current with increases in 



load 



The adverse effect of the 29° misalignment of the pilot 
generator rotor was accepted because it produced negative £ com- 
pensation only at very lew power angles, where the alternator was 
inherently very stable. I ^ could be made proportional to 
rather than toji-29°j by installation of a phase-shifting device 
between the pilpt generator and the rectifier* Such a device would 
also enable one to set the position of zero c compensation at any 
desired power angle. This would be desirable and perhaps mandatory 
in any practical installation. 

To bring out the effects of automatic excitation shown in 
the power vs* power angle curves, it is necessary to assume definite 
6ets of operating requirements. For purposes of illustration the 
following three operating conditions will be discussed; (l) continu- 
ously variable power requirements in the region between 30^ and 80° 
power angle, with maximum power set by current rating of alternator; 
(2) high average power output of 17 kilowatts, with possible 5 lew. 
load increases; and (3) lew average power output of 12 kilowatts, 
with possible 8 kw. load increases. 

For condition (1), in which the operating region is esta- 
blished by upper and lower limits of power angle, maximum steady- 

state exciter field current is limited to 2.0 amperes because 
higher valuos cause the alternator to generate greater than rated 
currents before the maximum power angle ie reached. Study of 
Figure 13, power vo . power angle for 2.0 amperes steady-state 
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excitor field current, shows that the higher (30 volt) stator 
voltage on the pilot generator produces about 000 watts more par.er 
at the uppor limit of power angle. However, it will also be ob- 
served that at that uppor lir.it the 30 volt curve is very flat, so 
that an additional 300 watts of power would ho sufficient to drive 

the alternator out of synchronism. »»ith only 30 volts on the pilot 
generator stator, the power output at the upper limit is only 2.5 per 
cent less while the additional power required to lose synchronism 
is 700 watts, or more than twioe as much as that required with 
30 volts on the stator. At the other extreme, use of only 10 volts 
on the pilot rererator stator yields a power curve which is still 
rising sharply at a power angle of 80°, but with almost 5000 watts 
less power available i\t that limit. Of the combinati ons tested, 
therefore, 2.0 amperes steady-state exciter field current and a 
pilot generator stator voltage of 20 volts seem3 best for this set 
of operating requirements. 

For condition (2), assume reasonably steady high power out- 
put v/ith an avers.-e value of 17 kw., and possible 5 kw. variations 
from that average. A cursory- study of Figures 3, 5, end 7 shows that 

a pilot generator stator voltage less than 20 volts and steady state 
exciter field ourrents loss than 2.0 amperes will not produoe power 
up to 22 kw. without loss of nohronism. Further study of Figures 
5 and 7 indicates that the maximum power requirement of 22 kw. can 



be reached at a lower power angle, and hence with less danger of 
exceeding the stability Unit, by the use of 3.0 amperes steady- 
state field our rent in the exciter. Furthermore , this can be 
done without exceeding the current rating of the alternator. 
Finally, from Figure 15, we note that there is very little choice 
between the use of 20 and 30 volts on the pilot generator stator. 
Use of the higher stator voltage produces 22 kw. active power at 
a slightly lower power angle, but frocn the slopes of the two 
curves at the 22 kw. lavel it is evident that approximately 
the same additional increment of power will cause loss of synchro- 
nism at either stator voltage. Since the 30 volt curve approaches 
the alternator current rating very closely at the 22 kw. point, 
it would probably be best to use the combination of 3*0 amperes 
steady-state exciter field current and a pilot generator stator 
voltage of 20 volts for these operating requirements* 

Any possible effect of large variations in power require- 
ment io given by condition (3), whioh assumes an average power 
output of 12 kw. with possible 8 kw. variations from the average. 
Figures 3, 5, and 7 show first that u steady-state exciter field 
current of 1.0 ampere is insufficient to give the maximum power 
requirement. Any other combination shown on the curves oould 
be used except a 1.5 nmpore steady-state exciter field current and 
10 volt pilot generator stator voltage. At the upper power limit 

there is little to choose from the various oombinati ons, although 
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higher values yield 20 lew. at power angles farther from the sta- 
bility limit. At the lower power limit of 4 hv. , with the 29° 
rotor offset employed in these tests, there is again little to 
choose frosm among the combinations tested. Near the average 
power of 12 kw. the slopo of the power vs. power angle curve is 
greatest with maximum valuo of both parameters, so a 3C volt pilot 
generator stator voltage and o.O snipe res steady-state exciter 
field current is probably desirable. 

For all curves of power ve. power angle, the power was 
connected to a terminal voltage of 115 volts. This was considered 



necessary in order to simulate operation of the generator against 
an infinite bus. Actually, the terminal voltage increased with 
line current due to the voltage drops in the primary' and secondary 
windings of tho transformers. In each run of Test 4, the voltage 
regulator output to the rectifier was held constant manually in 
order to eliminate this effect on the compensation. The power 
correction was derived as follows: 



Eh 

— sinS 






— sin 2£ 



d d q 

It was assumed that the arror in the tern 



V. (x, - x ) 

• 4 - 4 - — ** 

d q 



due to error in is negligible with respect to P. Therefore, 
P v/as c 
and $ . 



P v/as considered directly proportional to V for any given E 

u u 



The oscillation of the • ov.er angle at ur. apparently constant 
load v/ith no compensation was in all probability due to line fluc- 
tuations in both the a-c line and the d-c line feeding the driving 
not or. This fluctuation, coupled with the large inertia of the 
rotors of the machines, made these oscillations troublesome , 
particularly at large power angles. The oscillation ;vas greater 
when & compensation was used. In this case the 5 compensati on 
bucked the change in power angle resulting from the line fluctua- 
tions and then overshot the correct power angle for the particular 
load, with a resultant lar ; -o amplitude oscillation, however, ?*hen 
compensation was added, the output of the slip generator acted 

as a damping force and rapidly damped out any oscillations. For 
any riven power angle, minimum oscillation was observed when 
compensation was used in conjunction v/ith the S compensation. 

As the magnitude of the slip generator stator voltage was decreased, 
thereby docreasinr the d i conpensati on, the oscillation become 
greater and took longer to damp out* Therefore, for this particu- 
lar case it was best to use maximum d £ compensation (135 volts or; 
the slip venerator stator). 

Since snail fluctuation in lino voltage and in the speed 
of the prime mover would be almost, certain in uny practical instal- 
lation, it is considered essential that both £ and dS compensation 
be used if the range of stability is to be increased by any meas- 



urable) amount 
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Although no teats for transient stability vie re made with this 
system, it is believed that use of ccnbined <f and compensation 
would again increase the ranre of stability of the alternator. To 
test the transient stability, it would be necessary to introduce 
a model transmission line or a group of series inductors between 
the alternator and the infinite bus, so sudden loads could be 
applied or removed by simple switching arrangements . Even with 
this change in the apparatus, an artificial situation would still 
be present because the speed of the prim® mover is locked by the 
line frequency 0.3 lerg as tro alternator is connected to the a-c 
supply. 

The type of automatic excitation demonstrated in this 
system is superior to the usual voltare-repulated automatic ex- 
citation for alternators which must operate at high power angles. 
iVhen stability limitations are important, as they aro in most 
installations, but particularly in cases where lonr transmission 
lines are involved, tho use of automatic excitation dependent upon 
power angle is obviously a more positive control than tlvst dependent 
upon a secondary factor like terminal voltage. Voltage-regulated 
excitation increases the ranre of stability of the alternator only 
insofar as the terminal voltage tends to decrease v.ith increasing- 
load and hence with increasing power angle. Logic would seer, to 
point out the advantage of usinr the criterion of stability, power 
angle, as tho basis of the automatic excitation system. Our tests 



bear out the validity of this statement, for even with the rela- 
tively orude apparatus employed, it was possible to operate at 
power angles well beyond the fixed-excitation limit. 

Both Dahl (7) and Frey (1) mention the possibility of 
operating a synoltf'onous machine on the baok side of the power 
vs. power angle curve; i.e., at angles greater than that for 
maximum power through use of high speod regulation. Dahl refers 
only to alternators v/ith voltage-regulated excitation, but Frey 
outlines in theoretical terms haw it is possible to operate a 
non-salient polo synchronous machine at power angles greater than 
90° bv the use of automatic excitation proportional to power angle. 
Analysis of the power equation for salient-pole alternators shows 
that with constant excitation the power will peak at a pov.er angle 
less than 80°, indioating that by use of ^ and compensation 
we have succeeded In maintaining such a machine dynamically stable 
on the back side oJT the power vs. power angle curve. However, it 
must be noted that synchronous operation could not be maintained 
at power angles much beyond the maximum obtained with fixed exci- 
tation, possibly because of the undosirablo combination of large 
time lags in the exciter and the saturation of the amplidyr.e at 
relatively lew pilot generator stator voltago3. 

It is realized that a groat deal of work remains to h d me- 
in the field of automatic exoitation proportional to power angle 



before suoh an installation might be cxreroially feasible. 

Hoy; ever, tho data presented in this thesis indicates the possi- 
bilities such a system offers in extending the range of stability 
of any alternator, siz.co it s^-U; s logical to assume that the rasoci- 
nun power angle attainable could bo increased at loast 10 ° for 
either a salient-pole or a cylindrical machine, Farther research 
should be carried on, eliminating* the undesirable features of our 
design as mentioned in 'die previous paragraph. Use of a properly 
desi-nod tv:o-fielc exciter and an araplidvne or electronic ampli- 
fier «hich would not saturate at the field currents required 
might extend tho range of stability much farther than was done 
in this thesis. foro 3 table operation at high power angles might 
also result froi. the use o f ' a yhase-shi ftinp device in the com- 
pons-.tion circuit which would shift the zero point of o oonpensati 
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vi coycujsi^s 

Fran the observations and discussion it is concluded that,: 
!• The range of stability of this particular salient-pole 

synchronous generator was increased tr. <1 out five degrees when 
compensation proportional to power angle was used, and by aboux 
ten decrees when compensation proportional to both power angle and 
rate of change of paver angle was used* 

2. Coupons at ion proportional to rate of change of paver 
angle is necessary when compensation proportional to power ansrle 
is used, in order to damp out the osc illations set up in the 
system. I 

3* Choice of proportionality factors betwoon the com- 
pensating component of fiolc current and power angle is dependent 
upon the range of power angles in which it is desired to operate 
the mac ill no • 

4. It is feasible to operate a synchronous machine using 
this excitation sj stem at power angles rreater than that at which 
maximum parser occura for any given fixed field current. 



VII RSCOKUSKDATIOKS 



!• Further studies of this system aro recommended with 
emphasis on operation at power angles greater than ninety degrees 
using a larger amplidyne and an exciter more suited to the 
power requirements, 

2. An investigation of the operation of this system 
with the generator driving a synchronous motor would be desir- 
able, 

3, It is recommended that a phase shift device be placed 
between the voltage regulator and the rectifier in order to vary 
the power, angle at which the pilot generator voltage and the , 

regulator voltage are in phase. 



VIII APrSSDIX 






A. SUPPLa/SKTARY INTRODUCTION 

The basic method of obtaining components of main generator field 
current proportional to power angle and rate of change of power angle 
is simple, as outlined in the introduction. Setting up a working 
model of the equipment in an eleotrical machinery laboratory, however, 
involves marry problems. The following praotical problems and their 
solutions s'r ould be studied, by anyone interested in further research 
or development work on autocratic excitation of alternators. 

There was a pilot renorator already mounted on the sane shaft 

as the alternator selected for test, but no wound rotor induction 
motor was available in the laboratory. The motor wa3 to be used 
not for power, but merely to provide a voltage at the slip rings 
proportional to rate of change of power angle. Hence, a cage type 
induction motor was rebuilt as a wouftd rotor type with very fine wire 
in the rotor windings to give the maximum number of turns and the 
highest possible induced voltage. 

Combining- the amp li dyne output and the steady-state component 
of the generator field required a two-fiold exciter. Since none 
was available in the laboratory, it was necessary to convert a six- 
pole di root- current generator to a two-field generator. This waa 
accomplished by d isconnectinr the field windings on each pole and 
connecting two opposite poles to provide one field and another pair 
of opposite polos for the other field. Tvro pairs of brushes wore 



removed, leaving only one pair. A great deal of apprehension arose 
a 8 to the amount of ripple that night be present in the output, so 
an oscillogram was taken of the output voltage at load with both 

fields exoited. This oscillogram showed no discernable ripple at 
all. iSven though the size of the generator was large for the 
output required, we considered ouV exoiter problem solved. 

Little difficulty was encountered in providing a voltage pro- 
portional to power angle. Magnitude of the pilot-generator stator 
voltage was controlled by a field rheostat* and that of the reference 
voltage by a throe-phase variac placed across the lino. The vector 
difference was then placed across two terminals of a selenium rec- 
tifier bridge, the output of which was applied to one field of the 
amplidyne. 

Rewinding a cage-type motor as a wound-rotor type provided a 
voltage signal proportional to rate of change of power angle, but 
the signal was small and almost hidden by a ripple voltage due to 
slot noise. Analysis of an osoillogran of the ripple voltage (Fig. 18) 
showed it to consist of a 120 cycle fundamental with a strong third 
harmonic. A simpls low-pass R-C filter was used to eliminate this 
undesirable ripple voltage, presenting at tho filter output an in- 
finitesimal voltage except during periods of varying load; i.e., 
varying power angle. However, oven with sudden changes of load, the 
huge inertia of the rotating machines produced a relatively slow change 



in pov.or anple and hence a snail voltage (naxinum of one volt) at 
the filter output terrinals. A General Radio Type 715-a direct 
current amplifier vitts required to increase the voltage to a usable 
value, and an output st&- o consistin': of two 6LC t’f es connected 
a3 a d#c. bridge ty^e amplifier was used for current amplificat ion 
and inpociar.ce natci.inf . This carfeinati on of amplifiers provided 
control field current up to 15 millianperes for the hirh-ir pedance 
anplidpiie field. A schematic diurram of the compensation system is 
shorm in Fipui*e 19. 

At first an attempt ?/as made to operate the synchronous rone ra- 
ter at its rated voltaye, feed i nf its output into the i5C-volb three- 
phaso lino in the laboratory. It mas found that for all but very 
snail field currents, the increase in power ancle was limited by 
the current rating lonp before it was limited by stability. For 
this reason it was decider to operate the machine at half its rated 
vol tape by feediiu the output through a uto-trans formers into the 
150-volt line. This resulted in the terminal voltage of the machine 
rising as the current output increased. It would have been ..uch hotter 
to have operated at n constant terminal voltage, but because of the 
laboratory limitations, it v.as noces sarp to accept the van. inp voltapo. 
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B. SJUIPK2K? 

Synchronous Generator (L. I • T. Lab. No. 8C4A) 

Weet inghouse 3-phase, CO cycle, 1200 rpm, generator. 
44kva., 230 volts, 110 amps . , 80 per cent P. F. 

Excitation amps. 15, volts 125. 

Pilot Generator (U. I. T. Lab* No. CO 43) 

Westinghouse 3-phase, GO cyclo, 1200 rpm. genorator. 

2 kvn., 230 volts, 5 amps., SC per cent F. F. 

Slip Generator 

3-phase, GO cycle, 1200 rpm. , wound rotor induction 
motor rebuilt by Electrical Shop of Boston Naval Shipyard. 
Rated stator voltage 230 volts. 

Exciter (i;. I. T. Lab. No. 59B) 

Sleotro-Iynairdc direct-current generator, shunt-wound . 

10 hp., 230 volts, 39 amps., 425-1275 rpm. 

Amplidyne (l£. I* T. Lab. No. 1301) 

General Electric araplidyne generator, L'odel 5A1248P1 
Input 115 volts, 1-phase, GO cycle, 6 amps., 1725 rpm. 
Output 200 watts, ICC volts, 2.0 amps. 

Amplifier (h. I. T. Lab. No. 16c) 

General Radio direct-current amplifior. 

Type 715-A, Serial 1GG. 






C. ORIGINAL DATA 
List of symbols used: 

J!ain Generator 

1^ Field current in amperes. Subscript o denotes steady- 
state component 

V f Voltaro applied to field in volts. 

$ Phase angle meter reading in degrees. 

P Power output in kilowatts. 

I Current output + 40 in amperes. 

Jut 

V Terminal voltage in volts 

L 

Cor.ponse.ting System 

V A.C. voltage on rectifier in volts, 
ac 

D. C. output of rectifier in volts which is the voltage 
applied to the Ko. 1 amplidyne control field. 

1^1 No. 1 omplidyne control field current in mi lliempc res . 

V ^ Stator voltage of pilot generator in volts. 

V Three-phase variac output to rectifier in volts. 

Exciter 

1^1 Steady state exciter field current in amperes. 

1^2 Compensating exciter field current in amperes which is the 

output current of the anplidyne. 

7 Exciter outnut in volts, 
o 
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V kept constant (not allowed to vary wjth lino voltaye). 





O 


o 


o 


o 


o 


o 


O 


o 


o 


o 


o 


CO 


O 






D 


o 


o 


D 








• 


• 


4 


• 


• 


• 


• 


• 


« 


• 


• 


• 


4 




















1 J> 


' o 


CD 


H 


o 


03 


00 


CO 


03 


o 


vM 


> 


03 


1 


1 ^O 


CM 


o 


* 








o 


CO 


lO 


H 


o 


M 1 


m 


o 


cO 


CM 


03 


CM 


LO 


LO 






CO 


CO 


rH 


. 


\r 


v, 4 


> 


-* 


1 — 1 


rH 


f“H 


< — < 


4 1 


rH 


rH 


rH 




rH 


iH 


rH 


1 


1 -* 


rH 




r— l 


rH 


i—i 


I ~ ’ 




8 


M 4 


m 


LO 


O 


o 


to 


CO 


CO 




8 


03 


LO 




-O 


CO 


tv 


vO 


o 


H 


CD 


CM 


to 


CO 


CM 


CM 


CO 


CM 


CO 


rH 


CM 


to 


LO 




CM 


tO 


CM 


o 


03 


CO 


'D 


C-l 


• 


• 


• 


« 


* 


• 


• 


O 




0 


o 


4 


4 


1 


• 


4 


4 


4 


4 


4 


• 


)H 


CM 


H 


o 


o 


rH 


rH 


CM 


CM 


c — < 


o 


H 


CM 


CM 


1 


1 


iH 


o 


iH 


H 


CM 


CM 


rH 


O 


o 


o 


o 


o 


o 


o 


o 


o 


o 


O 


O 


o 


o 


LO 


LO 


LO 


i 


lO 




iO 




• 


• 


9 


o 


• 


• 


9 


• 


• 


• 


• 


4 


© 


• 
















>H 


to 


oO 


CO 


to 


to 


*0 


50 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


rH 


rH 




rH 


rH 




rH 




to 


rH 


CM 


M 4 




rH 


CO 


O 


03 


C- 


LO 


CO 


LO 




CM CO 


CO 


rH 


u> 


rH 


C3 




• 


• 


• 


• 


4 


• 


• 


• 


o 


• 


o 


• 


0 




• 
















C3 


o« 


CD 


O) 


03 


03 


CO 


a 


03 


03 


C3 


J3 


03 




! a 


03 


03 


o 


03 


o 




> 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CO 


CM 


CM 


CM 


CM 


CM 




1 w 


CM 


CM 


CO 


CM 


50 


CM 




CM 


CM 


M' 


O 1 


CO 


CM 


O 


03 


O- 


CS- 


LO 


V 


CO 




. o 


03 


CD 


o 


O 


CD 




-P 


• 


« 


• 


• 




0 


• 


• 


• 


« 


• 


• 


o 


I 


• 


• 


4 


• 


a 


4 


• 


03 


03 


03 


03 


gd 




03 


c« 


C3 


03 


03 


03 


C3 


03 




° 


03 


CD 


o 


o 


Or 


Or 


> 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


CM 


I 


1 to 


CM 


vM 


to 


LO 


CM 


D 


H 














































i — l 


O 


rH 


V- 


CO 


M 4 


to 


03 


rH 


o 


rH 


H 


tO 




1 10 


LO 


O 


03 


to 


CM 


LO 


«> 


9 


• 


• 


« 


* 


9 


« 


♦ 


• 


• 


• 


4 


• 






4 


4 


4 


4 


4 


4 


>H 


CO 


LO 


CM 


o 


CO 


CO 


03 


<D 


to 


o 


to 


CO 


CM 


| 


1 CO 


M 1 


o 


CM 


CD 


C3 


rM 




























rH 






















CM 


LO 


o 


CO 


03 


O 


tO 


03 


rH 


03 


1.0 


o 




, CM 


to 


rH 


CD 


a 


UD 


to 


o] 


• 


• 


• 


• 


• 


• 


• 


« 


•> 


1 


4 


4 


• 


j 


• 


4 


4 


4 


4 


4 


4 


.13 


o 


CO 


CM 


f — * 


M 4 




iH 


c 


to 


o 


50 




O 




o 


LO 


o 




LO 


H 


n 


^ 1 


1 •-* 












i — 1 


rH 










rH 


1 


1 ^ 










rH 


rH 




to 


o 


CM 


o 


03 


H 


CV 


CM 


o 


CD 


o 


CO 


LO 




CO 


CM 


o 


to 


CM 


S? 4 


c- 


O ] 


• 


• 


• 


• 


• 


« 


• 


• 


• 


• 


• 


0 


4 


1 


• 


4 


4 


• 


4 


4 


4 


«S 


M* 


CD 


lO 


CO 


IV 


CM 


to 


lO 




O 


tv 


rH 


o 


1 


NJ« 


CH 


o 


-D 


c M 


o 


o 


> 1 


1 -* 










rH 


rH 


rH 








H 


CM 


1 


1 ^ 








rH 


♦ — 1 


;m 




o 


in 


_> 


o 


O 


o 


LO 


,o 


o 


LO 


o 


O 


O 




o 


o 


o 


o 


o 


o 


LO 




+ 


• 


• 




• 


• 




• 


« 


• 


4 


• 


• 


















! 


1 ° 


o 


03 


tn 




cO 


<o 


o 


cc 


-O 


rH 


|Q 


LO 


| 


1 c 


03 


CO 


o 


CO 


-M 4 








CM 


rH 


<— ♦ 


CM 


CM 


CM 


rH 


rH 


H 


CM 


CM 


CM 




1 1 


rH 


rH 


CM 


CM 


vM 


CM 


> 1 


1 *-■ 


r-» 


r — 1 


rH 


H 


rH 


rH 


rH 


rH 


rH 


H 


4 1 


rH 


1 


1 ^ 


rH 


rH 


H 


< — 1 


rH 


rH 




uo 




o 


CM 


LO 


rH 


uO 


s? 


to 


CO 


cO 


LO 


to 




<H 


rH 


CM 


03 


t- 


V 


-0 


1 


1 ^ 


^f 4 


CD 


o 


CO 


M 4 


CO 


o 




lO 


IM 


C3 


! 


1 « 


rH 


03 


to 


o 


. s J 


D 




• 


• 


<5 


• 


• 


• 


4 


9 


• 


• 


4 


4 


4 




• 


• 


4 


4 


• 


• 


4 


« 1 


1 <-» 


rH 


o 


» — 1 


r-H 


CM 


CM 


rH 


rH 


o 


rH 


CM 


CM 


1 




H 


o 


rH 


CM 


CM 


CM 




O 


o 


v> 


M 4 


CO 


03 


03 




to 


to 


CM 




CO 


03 


o 


CO 


to 


C- 


tv 


CO 


bO 


I 




* 


« 


• 


• 


• 


• 




» 


• 


4 


4 


« 


4 


• 


4 


• 


• 


4 


• 


• 


Cs 1 


! o 




CO 


CO 


o 


o 


vr 


o 


LO 


o 


to 


03 


-4 1 


iO 


o 


"C 4 


LD 


rH 


V 


o 


CM 












4 — 1 


vM 


CM 








rH 


rH 


CM 


CM 








rH 


rH 


CM 


CM 




O 


o 


o 


o 


o 


o 


O 


o 


o 


o 


o 


o 


a 


O 


o 


LO 


O 


o 


LO 


o 


o 


1 


! • 


• 


• 




• 


a 


« 


• 


• 


• 




• 


4 




4 


4 


4 


4 


4 


4 




^ 1 


I 03 


o 


rH 


?v 


CO 


CO 


CO 


03 




rH 


CO 


LO 


vr 


o 


03 


V- 


a 


'J 4 


CD 


to 


\r 


CM 


CM 


H 


1 


1 — ♦ 

1 


CM 


to 

1 


CM 


rH 


1 


H 

1 


CM 

1 


V 

i 


CO 

1 


c M 


rH 




rH 

1 


CM 

} 


CO 

t 


i 




M 4 


to 


M 4 


03 


CO 


M 4 


cO 


C- 


LO 


CM 


rH 


to 


CM 




, OD 


r-H 


C.' 


uO 


O 


CO 


O 


1 


1 


• 


4 


• 


• 


0 


• 


4 


• 


A 


4 


4 


4 


1 


• 




4 


4 


a 


• 


« 




o 


r o 


1 0 


J3 


rH 


tv 


9 


to 


CO 


CO 


'3 


M 4 


tv 




LO 




M‘ 


iM 


rH 


c , 


V 


> 1 


1 lO 




CO 


CM 


M 4 


M 4 


M 4 


to 


CM 


to 






1 


1 


CM 


O 


*' 


V 4 


M 4 




CM 


*o 


C- 




CO 


cO 


o 


tO 


CM 


CM 


o 


Cv 


to 




M 4 


o 


V 


M 4 


^D 


O 


LO 


, 1 


v! 4 


CO 


CV 


03 


03 


03 


to 


Cv 


CO 




o 


NT 1 


03 


] 


LM 


L.0 


CD 


M 4 


CO 


r — i 


50 




• 


• 


« 


• 


• 


• 


9 


• 


• 


• 


4 


4 


4 




• 


4 


4 


4 


• 


t 


• 


~ 1 


2j 




'O 


M 4 


O 


N 


CO 


V* 


to 




'0 




[V 


1 




o 


to 


LO 




" 





A 



§ 



CM 




CO 


q 


t- X 


q 


q 


H c3 


3 


x 




0- 



o Q 

<”> o 



H I 



o 

u 

-p 






It 



-» n 



>sk 



I 3 

’ « 



o 


O 


O 


o 


LO 


o 


o 


o 


• 


a 


• 




• 


9 




« 


*». 


H 


oD 


to 


CO 


c- 


to 


o 


CJ 


rH 


lO 


CD 


rH 


CO 


to 


to 


H 


rH 






rH 


rH 


rH 


rH 


LO 


CO 


o 


to 


LO 


CM 


t^ 


lO 


o 


to 


H 


o> 


LO 


rH 


sr 4 


o 


• 


• 




• 


■ 


• 


0 


• 


CO 


i — 1 


o 


o 


rH 


CM 


CM 


CO 


o 


o 


o 


o 


O 


O 


O 


o 


r- 1 


Jf— 1 


l-H 


rH 


rH 


rH 


rH 


rH 


to 


to 


CO 


o 


CD 


to 


t"- 


rO 


• 


• 


• 


• 


• 


• 


• 


• 


o> 


c> 


CO 


CO 


CD 


co 


CO 


«D 


CO 


CO 


co 


CJ 


CM 


CM 


CO 


CM 




CO 


o 


CO 


E- 


O 


CD 


o 


€ 


• 


• 


• 


• 


• 


• 


• 


CD 


0> 


c> 


CO 


CO 


CO 


CO 


CD 


CM 


co 


CO 


CM 


CM 


CO 


CM 


CM 


rH 


to 




'O 


CO 


CO 


to 


LO 


• 


• 




• 


• 


• 


• 


• 


CO 


M 4 


o 


co 


LO 


CO 


CM 
















rH 


rH 


CD 


lO 


H 


r- 


rH 


CO 


o 


o 


a 


a 


• 


• 


• 


• 


• 


• 


cr> 


LO 


o 


to 


C- 


o 


tn 


CO 












rH 


rH 


rH 


LC 


o 


CO 


to 


o 


LO 


o 


CM 


« 


• 


• 


• 


• 


« 


• 


• 


M 4 


CJ 


o 


CO 


rH 


UD 


rH 


M 4 


r—i 








rH 


rH 


CO 


CM 


o 


LO 


LO 


o 


o 


LO 


o 


LO 


• 


• 


• 


• 


« 


• 


• 




m 4 


t.o 


to 


c~ 


o 


o 


rH 




r — t 


rH 


<-H 


rH 


CO 


CM 


CM 


rH 


r— < 


H 


rH 


rH 


rH 


rH 


rH 


* — t 


o 


to 


t- 


LO 


o 


to 


rH 


o 


CD 


to 


:o 


rH 


t- 


rH 


LO 


t-~ 


• 


• 


• 


• 


• 


• 


• 




o 


o 


o 


i — 1 


rH 


CM 


CM 


CM 


o 


c- 


CO 


CO 


CO 


LO 


CD 


to 


• 


• 


• 


* 


• 




• 


• 


o 


CO 


to 


CD 


-r 


s. 


CD 


o 










rH 


rH 


rH 


CM 


o 


o 


to 


o 


o 


o 


o 


O 


• 


• 


• 


• 


• 


• 


• 


• 


CD 


CO 


» — 1 


o 


10 


LO 


to 


rH 


CO 


rH 




rH 


CO 


to 


-J 4 


LO 






1 


1 


1 


1 


1 


1 


CO 


o 




CM 


o 


CO 


o 


to 


• 


• 


• 


• 


• 


9 


• 


• 


r>- 


wO 


C- 


s 


to 


>- 


^D 


Q 


to 


to 


rH 


CO 


>0 


to 


to 




O 


o 


-J 4 


to 


vi 4 


o 


CO 


M 4 


to 


vr 4 


CO 


in 


CO 


CO 


LO 


O 


• 


9 


• 


« 


• 


• 


• 


• 


'D 


o 


CM 




lO 


LO 


to 


o 




H 




LO 












O 




to 












u 




1 












^.5 




















1 












o 
















r > 


rO 














H> 


rH 

c: 


K 

OS 














o 













a 

3 I 

(X I 



G 

L- 

4~> 

C 

o 

o 





















o 


o 


o 


o 


to 


J> 


w 




o 


V— • 


o 




o 


i 


O 






• 


« 


9 


9 


9 


9 






« 


• 


• 


• 


9 


• 


9 


• 




o 




to 




C"- 


J 






o 


t 


CJ 


rH 


C J 




> 


o 


1 


1 to 


OD 


c^ 


CO 


H 


to 






to 


D 


tx> 




o 


rH 


OJ 


;o 


1 


r_4 








rH 


rH 


- 












r—i 


r—i 


rH 


rH 




















o 


1 1 


to 


o 


.J 


St 4 


to 


to 




, o 


o 


rH 




0 


r*.. 






.o 


cu 


r-H 


V.* 4 


r—i 


LO 


O 


CJ 


i 


LO 


. " 


w J 


to 


wM 


f^s. 




£ 


a 


• 


a 


9 


• 


t 


• 


9 




• 


• 


* 


9 


c 


9 






rH 


O 


o 


o 


rH 


r-H 


C J 


CJ 


! 


1 ^ 


o 


o 


o> 


rH 


rH 






o 


O 


o 


o 


o 


o 


O 




o 


LO 


in 


1C 


• o 


o 


O 






rH 


rH 


rH 


rH 


rH 


#^H 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


- 




rH 


CM 


CD 


rH 


#-H 


o 


rH 


rH 




o 


CD 


O) 


Oi 


o 


O 






• 


• 


• 


• 


a 


• 


9 


• 


1 


1 • 


9 


9 


9 


9 


9 


t 




o 


O 


O 


o 


o 


o 


o 


o 




o 


o> 


G) 


V-'i 


o 


J> 






CM 


CM 


H 


CM 


CM 


CM 


CM 


CM 


! 


1 ^ 


rH 


rH 


rH 


to 


tJ 


V 




o 


o 


o 


o 


o 


O 


to 


to 




OD 


CD 


o 


o 


o 


o 






a 


• 


• 




a 


9 


• 


• 


i 


• 


• 


9 


9 


9 


9 






o 


o 


a 


c 


o 


o 


o 


o 




CD 


CD 


o 


o 


o 








CJ 


CJ 


CJ 


CM 


CM 


CM 


CM 


CM 


1 


I ^ 


i — < 


CM 


CM 


CM 


C J 


s -J 




o 


rH 


O 


o 


ST 4 




CO 


LO 


j 


1 ° 




O 


i— H 


LO 


J* 






a 


• 


a 


• 


• 


• 


9 


9 






• 


9 


9 


9 


9 






LO 


CM 


c 


( — l 


to 


LO 


c- 


CD 


1 


I ^ 




o 


rH 


to 


v r 




- 


LO 


CO 


rH 


LO 




c» 


o 


O 


] 


1 


to 


rH 


LO 


LO 








• 


• 


• 


• 


• 


9 


• 


■ 




• 


9 


9 


9 


9 


9 






to 


CM 


o 


rH 


si 4 


o 


o 


vJ 




| LO 


CM 


o 


rH 








— 














rH 


rH 




















o 


CO 


'I 4 


|A 


o 


o 


CJ 


c*~ 




















• 


• 


• 




• 


• 


• 


9 


1 


1 ^ 


CD 


LO 


o 


LJ 


o 


> 




o 


LO 


o 


to 




rH 


V 


to 




• 


« 


9 


9 


9 


9 


• 


• 


rH 










rH 


r—i 


rH 


1 


1 C> 




o 


to 


c** 


rH 


e 
































rH 


r-H 


r—i 


LO 


•o 


o 


lO 


LO 


O 


o 


lO 




o 


o 


o 


C 


LO 


O 






• 


• 


• 


• 


• 


9 


• 


• 




a 


• 


9 


9 


9 


9 






to 


to 


CM 


to 


CO 


o 


rH 


o 


1 


1 


o 




e- 


CD 


CM 






rH 


rH 


rH 


rH 


1 — 1 


c J 


t J 


CM 






rH 


rH 


rH 


rH 


CJ 






rH 


rH 


rH 


rH 


rH 


i — L 


r—i 


rH 


! 


1 r-A 


rH 


rH 


rH 


rH 


rH 






rH 


o 


CO 


CD 


CJ 


LO 


rH 


o 




o 


O 


CD 


-O 


LO 


o 






t- 


to 


co 


CO 


in 


LO 


M 4 


to 


1 


0 


■M 4 


' O 


O 




t J 






« 


■ 


• 


• 


9 


« 


• 


• 




• 


• 


9 


9 


9 


9 




t 


o 


o 


o 


o 


rH 


rH 


v J 


CM 


i 


1 ^ 


O 


o 


1 — t 


rH 


c J 


' 


1 4 


o 


LO 


o 


CM 


CO 


O 


to 


C" 


to 


o 


rH 


CO 


tO 


v,o 


O 


rH 




• 


• 


« 


9 


• 


* 


9 


• 


% 


a 


• 


9 


9 


9 


9 


i 


• 


o 


C J 


to 


•o 


C J 


o 


CO 




o 


o 


to 


vf 


to 


M 4 


o> 


4 












r—i 


rH 


rH 


r — 1 


CM 










rH 


r-» 


• - 


c ! 


o 


o 


o 


o 


LO 


o 


o 


o 


O 


o 


o 


o 


o 


o 


o 






• 


• 


• 


o 


• 


• 


9 


• 


9 


















CD 


LO 


to 


TT 


lO 


to 


to 


to 


CJ 


CD 


LO 


o 


M 4 


G- 


p*- 






CM 


rH 


1 


rH 

1 


CM 

1 


CO 

1 


vr 

1 


LO 

1 


LO 

1 


CM 


rH 




i — i 
1 


CM 

1 


to 

1 




i 


co 


C J 


t- 


UO 


UD 


CD 


O 






o 


to 


CJ 


lO 






o 




• 


• 


• 


• 


• 


• 


9 


9 




• 


9 


9 


9 


9 








to 




c- 


o 


vD 


M 4 




L J 


i 


CD 


G 




vO 






■ / 




to 


CM 


H 


CM 


CM 


to 


to 


to 


i 


1 « 


^ J 


C J 


IJ 


to 


CO 






to 


CO 


to 


to 


CO 


VO 


: J 


CO 




L J 


J> 


o 


to 


J 


CM 






to 


to 


CD 


M 4 


C> 


t- 


CM 


to 






X> 


CO 


V J 










• 


• 


• 


9 


9 


• 


9 


• 




r a 


• 


■ 


9 


9 


9 


n 




LO 




CM 


to 


M 4 


lO 


to 


to 




o 


M 4 


to 


V 4 




J 




t - 



e j 
CJ 



a 



J 



o 

'"0 



K 

.1 



I to CO CO CO CO CO O 
1 H O o W ^ o O 

H rH rH rH rH 






Ch 

> 



CO 


N* 


LO 


CO 


LO 


O 


o 


o 


%** 




rH 


o* 


rH 


CD 


o 


CO 


« 


• 


• 


• 


• 


• 


• 


• 


rH 


O 


o 


o 


rH 


rH 


CO 


CO 


o 


O 


o 


o 


o 


o 


o 


o 


0 


• 


• 


• 


• 


« 


a 


• 


sO 


CO 


CO 


CO 


CO 


CO 


CO 


CO 


CO 


rH 


rH 


CO 


CO 


rH 


CO 


rH 


• 


• 


• 


• 


• 


• 


• 


a 


03 


o 


o 


J3 


LD 


o 


o 




rH 


CO 


CO 


rH 


rH 


CO 


CO 


CO 


O 


O 


03 


03 


o 


03 


o 


O 


« 


• 


• 


• 


• 


« 


• 


• 


o 


o 


03 


CD 


o 


03 


o 


o 


CO 


CO 


rH 


rH 


CO 


rH 


CO 


-O 


03 


o 


o 


CO 


to 


O 


o 


CO 


• 


• 


• 


• 


• 


• 


a 


• 




CO 


o 


o 


to 


ID 


C" 


co 


rH 


c- 


rH 


rH 


CO 


Nj* 


co 


CO 


• 


0 


« 


• 


0 


• 


• 


• 


CO 


CO 


o 


rH 




LO 


cu 


o 
















rH 


r- 


Tf* 


CD 


CO 


rp 


03 


to 




• 


• 


• 


* 


0 


• 


a 


a 


03 


LO 


O 


to 




C3 


to 


in 














rH 


rH 


m 


o 


LO 


LO 


o 


LO 


lO 


LO 


• 


• 


• 


• 


• 


• 


a 


« 


o 4 


CD 


»D 




rH 


CO 




LO 


rH 


rH 


rH 


rH 


CO 


CO 


CO 


CO 


( — 4 


rH 


rH 


rH 


r — 4 


rH 


rH 


rH 


NT 1 


C"~ 


o 


O 


CD 


t>- 


CD 


CO 


CO 


c- 


t- 


rH 


t*- 


CO 


CD 


at 


• 


• 


• 


• 


• 


• 


• 


« 


rH 


o 


o 


rH 


r- » 




CO 


co 


o 


O) 


03 


CD 


rH 


rH 


r- 


LO 


• 


• 


• 


• 


• 


a 


a 


• 


o 


to 


to 


CO 


LO 


03 


C 0 


O' 










rH 


rH 


co 


co 


o 


O 


o 


o 


o 


LO 


•0 


O 


• 


• 


• 


• 


• 


• 


• 


• 


a* 


lO 


o 


CO 


to 


o 


O 


CO 


CO 


rH 




rH 


CO 


to 




vr 








1 


1 


1 


J 


1 




CO 


o 


CD 


o 


CO 


ro 


to 


• 


• 


• 


• 


• 


a 


• 


• 


CO 


to 


LO 


CO 


t- 


CJ 


m 


CD 




to 


CO 


CO 


t > 




%*» 


V 4 




to 


o 


CD 


lO 


to 


LO 


LO 


O 


CD 


to 


CO 


rH 


o 


o 




• 


• 


• 


« 


• 


a 


0 


a 


c- 


LO 




V 


CD 


>- 


t- 


t- 








CO 












rH 




to 












o 




J 











CD 


CO 


c- 


to 


CO 


to 


03 


03 


o 


sr* 


CO 


no 




t- 


"D 


CO 


o 


o 


CO 


O 4 


LO 


CD 




rH 


O 


o 


o 


O 


rH 


N'j 


rH 


rH 




rH 


rH 


rH 


rH 


r-i 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


00 


at 


to 


CO 


O 


C3 


in 


o 


LO 


to 


CD 


CO 


o 


CO 


CO 


C- 


r-* 


to 






CD 


o 


CO 


to 


CO 


rH 


0 


to 


> 3 


C) 


o 


o 


o 


o 


rH 


rH 


CO 


o 


o 




o 


'0 


D 


o 


o 


o 


o 


o 


o 


o 


o 


O 


o 


o 


o 


o 


o 


O 


o 


o 


« 


• 


• 


• 


• 


9 


• 


• 


• 


• 


• 


a 


a 




a 


to 


to 


to 


to 


tD 


CO 


to 


to 


to 


CO 


CO 


>0 


C*V 


i 


c 



HCOOQWOHN 



o cd O O O O o O 

C'J h w oj co CO CO co 



oooooooo 



O O O o o o o o 

CO CO CO CO CO CO CO CO 



oootntomtooi 

«••••••• 

'-f CO o Q co o- c- 

r*MO H O C) (O to c. 

O co O o CO lO CO G, 



D3 rH 

• • 

J> o 



1 CO 

o 



to CO to to 



_J J> o o o 

H *H » — l t — I < — ( 



HHH Ol <r0 CO CO CO CO 

• ••• • « » • • 

O O O O ooooo 



LOC'-rHOrHCDC'-C^C- 
rH O O O O O H U fj I 

HOWOWHtO^tU J 

• ••«•••*« I 

1 0 rH O O O rH CO tO ^ 



cc 


rH 


c- 


CO 


<D 


O 


CO 


o 


t- 


o 


sji 


to 


in 


o 


CO 


V 


o 


• 


o 


9 


• 


9 


a 


a 


a 


a 


0 


a 


•> 


a 


a 


a 


a 


0 


C3 


LO 


o 


co 


LO 


03 


CO 




■cJ’ 


to 


r — ! 


o 


rH 


C*., 




to 


co 














rH 


rH 




















o 


O 


m 


LO 


o 


o 


m 


o 


lO 


o 


o 


o 


O 


t-O 


o 


o 


LO 


« 


• 


• 


• 


• 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


'O 


t- 


c- 


co 


rH 


"f 


V’ 




•n 


CO 


c- 


C- 


CO 


OL 


o 


rH 


O 


rH 


rH 


H 


r~*. 


CO 


CO 


CNJ 


CJ 


rH 


rH 


rH 


rH 


rH 


H 


CO 


CO 


.0 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


H 


rH 


rH 


rH 


rH 


rH 


rH 


CO 


O 




o 


to 


CD 


C4 


to 


r- 


LO 


to 


LO 








C3 


"I 






co 


CO 


o 


CO 


CO 


o 


c- 


D 




co 


r — 1 


vr 1 




to 




• 


• 


a 


• 


• 


a 


a 


a 


• 


a 


a 


a 


a 


a 


• 


a 


a 


rH 


o 


o 


rH 


r ~~' 


CO 


CO 




o 


o 


o 


C 


rH 


rH 


rH 


CO 


U 


o 


t- 


c*- 


t- 


t- 


CO 


O 


CO 


o 


co 


to 


CO 




CO 


to 


C3 




a 


0 


0 


a 


• 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


o 


vf 


CD 


OJ 


CO 


C3 




LO 


o 


CO 


m 


o 


O 


rH 


ID 




•—i 










rH 


rH 


CO 


CO 












rH 


rH 


rH 


CO 


o 


O 


O 


o 


o 


O 


o 


o 


o 


ID 


o 


* J 




f ) 


o 


O 


O 


• 


• 


• 


a 


• 


« 


a 


• 


a 


a 


a 


a 


« 


• 


a 


a 


a 


Ci 


in 




rH 


o 


03 


C3 




03 




C3 








» 4 


r — < 


Vw 


CO 


rH 




) 


CO 

1 


CO 

1 


to 

1 


1 


CO 








1 


I 


to 

1 


i 


*) 


<D 


Kt* 


V* 


03 


rH 


fr- 


CO 


CO 


t- 


o 


CO 


f- 


CD 


to 


o 


co 


LO 


• 


• 


• 


• 


a 


a 


a 


a 


a 


a 


a 


• 


a 


a 


a 


• 


a 




CO 


o 


rH 


t- 




C3 


O 


LO 


to 


rH 


o 


o 


CJ 


Lfj 


a 


$ 


to 


to 


to 








un 


NO 


to 


to 


NO 


to 


to 


tO 


NO 


CO 


c- 


in 


CO 


c- 


LD 


8 


O 


o 


o 


in 


00 


co 


o 


LD 


o 


o 


t*- 


CO 


o 


CO 


o 


eo 


co 


03 




rH 


Q 


to 


t- 




L3 


a 


a 


a 


a 


• 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


a 


• 




o 


LO 


1.0 


LD 




CO 


CO 


in 


o 


»n 


lO 


m 


vO 


li3 


C3 


CD 



h-> a 


CO 


G> 


S a ^ 


Lj 


5 


O rH X 


3 


h> g i 







r D 

-H O 

O I 

s.« 

•p I 
g a ^ 

o r ^ 

CO rH * 

h>§.3 



k 






CO 


to 


CO 


*33 


CM 




to 


03 




o 


0) 


GO 


CO 


CD 


03 


H 


C J 




rH 












rH 


*H 




'O 


CM 




rH 


H 


xT 


LO 






LO 


to 


1 — i 


CM 


tO 


sf. 


CO 


CM 




• 


• 


• 


• 


• 


« 


r 


• 




o 


o 


o 


O 


o 


o 


o 


rH 




o 




o 


o 


o 


o 


o 


O 


o 


• 


V 


• 


• 


• 


• 


a 


• 




CM 


C ) 


tM 


CM 


CM 


CM 


CM 


CM 


CM 



a) r:: QNceaCos 

1 •»••«••• 

Cfc u/ O G> 03 <J 3 O CD 



-P 

© 

> 



C3 


CO 


CO 


CO 


CO 


CO 


cc 


CO 


• 


• 


• 


• 


• 


• 


• 


• 


J3 


03 


o 


CD 


CJ 


03 


CD 


03 


o 




o 


rH 


o 


CO 


o> 


O 


• 


• 


• 


• 


• 


a 


• 


• 


wM 


o 


o 


o 


rH 


H 


CM 




LO 


1 — t 


rH 


to 


to 


t>0 


LO 




• 


a 


» 


c 


♦> 


a 


• 


• 


»M 


rH 


o 


o 


rH 


CM 


eO 


U0 


rH 


CM 


uo 


o 




C3 


LO 




• 


• 


«» 


• 


« 


• 


• 


• 


LO 


CO 


O 


rH 


to 


%r 


O 


CO 


O 


o 


LO 


o 


to 


LO 


O 


LO 


• 


0 


• 


• 


a 


• 


• 


« 


CM 


*0 




LO 


to 


CO 




co 


H 


rH 


■ — 1 


rH 


H 


H 


(H 


rH 


H 


rH 


rH 


rH 


rH 


rH 


rH 


rH 


o 


03 


CM 


CM 


r — 


CM 






lO 


tO 


CO 


o> 


CJ 


to 


o 


CO 



O O O O >-i h u 





vr 


CO 


CD 


O* 




r — t 


rH 


CD 


CD 


c- 


r- 


c . 


L 1 


H 


CM 














rH 


rH 


to 




c^ 


'j* 


CM 


^ , 


cO 


CD 


lO 


CO 


r — 1 


> 


'-T 


f- 


O 


C M 


• 


a 


• 




a 


• 


a 


a 


o 


o 


o 


o 


v - / 


O 


rH 


rH 


LO 


LO 


lO 


to 






L J 


H 


r-. 


1 — ( 


rH 


rH 


rH 


rH 


rH 


rH 


CM 


o 


O 


03 


CO 


C> 


rH 


rH 


« 


• 


• 


a 


a 


a 


• 


• 


O 


CD 


to 


D, 


o> 




o 


o 


r*H 




rH 








rH 


rH 


O 


JJ 


o 


O 


O 


o 


Dm 


CD 


o 


L. 


o 




_3 


o 


O 


u3 


rH 




r— t 


rH 


rH 


rH 






LO 


10 


C' 


.0 


O 


O 


o 


O 


• 


• 




• 


• 


a 


o 


a 


rH 


o 


O 


C.3 


rH 


M 


to 


to 


O 


cc 


O vr* 


O 


LO 


o 


o 


• 


• 


• 




a 


a 


a 


• 


to 


o 


o 




rM 


CM 




LO 


LO 




CM CD 


0 


CM 


o 


tO 


• 


• 


• 


• 


a 


a 


• 


• 




CM 


o 


r H 


co 


1.0 


c- 


CD 


o 


LO 


O LO 


o 


o 


o 


o 


• 


• 


• 


• 


• 


a 


% 


• 


M* 


CO 


CO to 




CO 


CTj 


o 


rH 


rH 


H 


rH 


*H 


rH 


rH 


rH 


rH 


rH 


t — 1 


rH 


rH 


rH 


rH 


rH 


o 


to 


5 

7 


o 


O 


r- 


CD 


rH 


rH 


co a 


to 


rx. 


r 4 


V 


• 


• 


€ 


• 


a 


a 


a 


• 


o 


o 


c o 


rH 


rH 


*M 


tM 



:D 


<JU 


CO M 


- M 






- 


C*- 


D 


■j O 




L 




o 

rH 


O 


mt 1 


Q . 


Ji 


o 


o 


o 


'O 


rO 


M rH 


to 


o 


o 


CM 


















O 


D - 




o 




rH 



o 


o 


J 


.J 


o 


o 


v_' 


a 


• 


• 






• • 


€ 


r — 4 


rH 


rH 


H 


-H 


t- 4 rH 




o 


OJ 


CM 


C J 


o 


U H 


rH 



O O Zi O O O O 

. — i — : — i . — t . — i 



OO^O^OOO 

« <• • 1 « I « 4 

O O -/ co - O 

( — i r— t rH rH rH r — I r— 1 i — 4 



D 


o 


rH 






o 




3 


rH 












M 


V* 


rH 


D 


t M 


rH 




c * 


rH 


(, 


CM 


O 


o 


o 




rH 


t*./ 




t.D 


•o 


o 


CM 


Cj 


CM 




O 


• 


• 


• 


a 


j 


j 


a 


> 


•r 


CM 




rH 


to 


«,H 


D 


CD 


o 


-> 


*jO 


LO 


to 


o 


LO 


o 


• 


a 


a 


a 


a 


a 


a 


• 


. D 


rH 


CM 


CM 


ri 


to 




C" 


rH 


r-H 


rH 


i — 1 


rH 


rH 


H 


r M 


rH 




rH 


rH 


rH 


rH 


rH 


r — 1 








o 


to 


CO 


tD 


rH 




rH 






a 


L l 


D 


CM 


o 


o 


o 


o 


rH 


rH 


rH 


CM 







o 


t- 


r-« 


SH 




CO 


C- 


v*D 




o 


•J* 


O* 


o 


CD 


CD 


CM 


;m 


co 


o 


rv 




r 3 


GC 


H 


DM 




o 


% 


a 


0 


• 


a 


*1 


» 


• 


a 


• 


a 


• 


a 


• 


• 


• 


a 


a 




















o 


CM 


LO 


r ^ 


> 


rH 


L. • 


03 


rH 


o 








u) 


L M 


D 


CJ 


-3 




r— * 


CM 




J 


v, r 


rH 


0 


1^ 












rH 


t — ! 


rH 


CM 












rH 


rH 


rH 


rH 














rH 


rH 


rH 


O 


O 


<.J 


LO 


o 


LO 


o 


o 


O 


o 


LO 


w 


O 


o 


O 


O 


O 


CO 


a 


o 


o 


o 


r ) 


o 


O 


O 


o 


• 


a 




a 


• 


• 


a 


• 


« 


• 


a 


• 


• 


a 


a 


a 


a 


n 


a 


a 


a 


a 




a 


a 


a 


a 


CD 




o 


o 


CM 


o 


3 

1 


to 


to 


Us 


f O 


o 




. 




<o 


to 


rH 




CD 


Cj 


r 




'D 


D 


rH 


L*> 


CM 


rH 




rH 

1 


C J 

1 


tn 

t 


0 

1 


0 

1 


Cl 


rH 




rH 

1 


J 

1 


lO 

) 


1 


to 

1 


0 

1 


CM 


H 




1 


C M 

I 


i M 

1 


to 


0 

1 


* 3 

J 



CO 


DO 


LO 


rH 


co 


10 - 


o 


03 






O L> 


C M 


CM c 7 to 


CD 




*o 


O' 


C M D 3 CJ 


O 


• 


a 


a 


g 


a 


a 


a 


• ( 


a 


a 


» a 


a 


gas } 


a 


a 


• 


a 


a * a 


a 


rH 




LO 


CO 


ro 


t- 


M i 






%•» 


vj J 


. 


vD,M^ 


t*. 


L- 


3 


c. 


rH t- | 


c ; 


to 


»M 


CM 


CM 


CM 


CH 




to 1 


CM 


CM 


CM w*M 


c J 


a J t 3 c 3 1 


CM 


CM 


rH 


r— t 


- wM CM 


to 





O 




CM 


tO 


N« 


»o 


o 


o 




'O 


O '? 


rH 


C^ 






. M C"- 




< 3 CO 


* ;• 


tH CM 


1 


CO 


tD 


C ) 


CO 


to 




L3 




o 




CD U> 


CM 


D- 




v/r J 


U. CO 


o 


O . 


i 3 


fi ‘ 5 i 




• 


a 


a 


a 


a 


a 


* 


• 


• 


e 


• • 


a 


a 


a 


• 


• • 


a 


t 4 


a 


• • 


« 1 


lO 


O' 


sT 


vr 


V 




to 


'0 


vT 




to 


• f 


sr 


O 


LD j 


to t 




: 


C-3 


^ 1 



, . 




O 




a 




vr 1 


o 


Li 




u 


CM 




rH 




r-f 




rH 


g- 




S 








a 


g 


O L 0 


o r > lO 


D 


3 


O rH X l 




oh x a 


D 


Fa 


Da 


'“Ok ^ Cj 

O ^ U 




Hi § * , 


v-4 



o 

L. 

-3 

C 

o 

r 3 



>i • ) 

^ •< i 

o j 

O M 



- 42 - 



D LITERATURE CITATIONS 

1. Frey, V*‘. Tho Stabilization of Synchronous Generators by High 
Speed Regulation of the Excitation in Connection with Power 
Transmission over Long Distances. Brown-Boveri Review, 

November, 1946, Pages 335-347. 

2. Lavanohy, 0* Experiments in Stabilizing Synchronous Gone rat ors 
by High Speed Control of the Excitation with Power Transmission 
over Long Distances. Brown-»3overi Review , November, 1546. 

Pages 348-354. 

3. Concordia, C. Steady State Stability of Synchronous && chines 
as affected by Voltage-Regulator Characteristics . Transactions 
of tho AISS, Ifey , 1944. Pages 215-220. 

A 

4. Nicklo, 0. A. and Carothers, P. Automatic Voltage Regulators, 
Application to Power Transmission Systems. Transactions of the 
aIEE, Volume 47, 1928. Pages S57-9G9. 

5. Ashbaugh, J. P. and Nycum, K. C. System Stability with Quick 

Response Excitation and Voluuge regulators. Electric Journal, 
October, 1528. Page 504. , 

6. Crary, S. B. Power System Stability , Volume 1, 10 45. 

7. Dahl, 0. G. C. Electric Power Circuits , Theory and Applications , 
Volume IJ, 1S38. 

8. Kimbark, £• u* Povror System Stability , Volume I, 1548. 

8. Niokle, C. A. and Lawton, ?. L. An Investigation of Trans- 
mission System Power Limits. Transactions of tho AlEr,, 

Volume 45, 1926, page 864. 



• ... * 



AUG 3| 



0 I M 0 E R Y 



Thesis 

B835 



I 



Budd i ng 



10411 



Automatic high speed 
excitation of a syn- 
chronous generator. 



ei 

ui 



F AR Tisnn ^ 

V SOLO LErn5»JHS 

1 AND 

kv SMITH 



Thesis 10411 

BB3r Budding 

Automatic high speed 
excitation of a synchrony- 
ous generator* 






J J '? , 

L. S. iVjwiI School 

WoJilcn*^, Ciljfnrnia 





thesB835 

Automatic high speed excitation of a syn 




i ini i it ii 1 1. ii 111 iiiiiiii hi iiiiiiiiii i 1 
3 2768 002 07895 8 



DUDLEY KNOX LIBRARY 





